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Mechanical characterization of a prototype a-C:Cr,Si and its tribological behavior at high temperature 
Introduction
The use of DLC at high temperatures has always constituted a challenge for the scientific community, as a need to fulfill the requirements of different industries. As an example, in sheet metal forming processes, DLC coatings can act as solid lubricants to enable dry or nearly dry processes [1] [2] [3] , whereas for the extrusion and machining processes of aluminum alloys, these can also be employed due to their anti-sticking properties [4] .
Although, carbon-based a-C and a-C:H films belong to the DLC coatings family, their performance is totally different taking into account both the amount of H concentration and method of deposition, which will influence considerably their mechanical properties, as indicated by Bull in an earlier work [5] .
Nevertheless, the key properties and differences among the main groups have been thoroughly described by Neuville and Matthews [6] , whereas the history of their development, as well as the transference from experiments to industrial applications have been recently presented by Bewilogua and Hofmann [7] . These authors have also indicated the effect of the change in the composition of DLC coatings, as consequence of the incorporation of metals and/or non-metals, in order to improve their adhesion, mechanical properties and/or thermal stability.
Various studies were carried out in the last two decades in order to test the tribological response of a-C and a-C:H coatings. An important part of these studies, related to magnetron sputtered coatings, were conducted with the aim of implementing their application in the cutting and metal forming processing of aluminum alloys, both at low and high temperatures [8] [9] [10] . Konca et al. [9] studied the friction and wear behavior of nonhydrogenated DLC coatings at elevated temperature against a 319 Al alloy, tungsten carbide (WC) and sapphire balls. The coatings (two DLC obtained at 60 and 80 V, respectively) were produced by unbalanced magnetron sputtering ion plating using Teer Coating deposition systems (Worcestershire, UK). These coatings have Cr in their composition, whose content decreases with distance from the interface. The authors determined that during the wear tests, the wear resistance starting even at a temperature as low as 120°C was poor, as compared to those conducted at room temperature and that the Al alloy ball caused a more severe damage than the other two counterparts employed.
An interesting comparison between hydrogenated and nonhydrogenated DLC coatings produced by unbalanced magnetron sputtering at Teer Coatings, UK was performed by Ni and coworkers [10] , who studied their friction, wear and adherence propensity at 25°C and 240°C, by sliding them against 319 aluminum pins. Both kinds of DLC coatings, which have a common architecture, i.e. a Cr film and CrC transition layer built before depositing the DLC, performed well at room temperature. However, at elevated temperature, aluminum adhered to the nonhydrogenated DLC coating, whereas the hydrogenated DLC maintained its non-sticking nature, but with an impaired wear resistance. Gharam et al. [11] made an important contribution on this subject and showed that the incorporation of W in the DLC coatings during deposition could give rise to different tribological responses, as a function of the temperature interval during wear testing against 319 Al alloy pins. The best results obtained, in which the coatings did not fail, were reported at 400°C and 500°C. This behavior was attributed to the formation of a tungsten oxide layer on the coating surface and the transfer of this layer to the Al counterface. Zou et al. [12] deposited DLC coatings doped with a different Cr content by employing a combined system consisting of a middle frequency (MF) magnetron sputtering and ion plating. These researchers reported a good tribological behavior at 400°C for 4.8%Cr-DLC doped coating against an A319 Al sliding counterface.
Other investigations reported in the literature were dedicated to studying the influence of doping elements on the thermal stability of DLC sputtered coatings [12, 13] . Zhang et al. [13] embedded nanocrystalline TiC into the a-C matrix doped with Al to form ncTiC/a-C(Al) nanocomposite film amorphous carbon (a-C). These authors reported a good thermal stability of the coating up to 600°C, without observing any coating thickness decrease or change in hardness with temperature. Hofmann et al. [14] , by employing magnetron based deposition processes under industrial coating conditions with intensive ion bombardment, produced a new Si-DLC (a-C:H:Si) based coatings with 5% H content and a silicon concentration of both 9 and 19 at% Si. Under dry conditions, these coatings exhibited friction coefficients with only the half of the value of that corresponding to a pure a-C:H coating and a better thermal stability up to 500°C, although the abrasive wear rate, determined by the crater method, increased as the Si content raised. The review of these articles shows a clear evolution in time of the sputtered coatings composition in order to fulfill the required performance.
Recently, some interesting results have been published in relation to a-C coatings doped with small amounts of either Si or Cr, in order to achieve a better thermal stability. The deposition was carried out by means of a Teer UDP À 650 closed field unbalanced magnetron sputtering device [15] . Similar deposition conditions were applied to obtain an a-C, a-C:Cr and an a-C:Si coating of similar thickness, with the aim of comparing their tribological behavior at high temperature, up to 450°C. The Cr content of these coatings varied between 0.5-10% Cr and the Si content between 0.1 À 5%, depending on the applied target current, as reported [16] . It was determined that a considerable improvement related to the thermal stability of the a-C:Si coatings, as compared to the other two, took place. Their performance was attributed to the possible Si compound formed during wear testing at a temperature of 325°C.
Thus, the present work has been carried out in order characterize the mechanical properties by nanoindentation and investigate the high temperature wear behavior of a new prototype a-C coating doped with both Cr and Si in small quantities (a-C:Cr,Si), which was deposited on a M42 steel substrate, employing for this purpose a number of different experimental techniques.
Experimental
The coating used in the present investigation is a prototype amorphous carbon non-hydrogenated, mostly sp 2 bonded, of approximately 2.3 7 0.1 μm in thickness and Ra¼0.01 μm. The coating was developed at MIBA-Teer Coatings (Worcestershire, UK) and deposited in a Teer UDP À 650 closed field unbalanced magnetron sputtering reactor. The deposition parameters were similar of those reported elsewhere [15] . After an ion cleaning process, the M42 tool steel was coated with a thin 0.2 μm chromium buffer layer, which converges gradually into the amorphous-carbon hard coating doped with small quantities of Si and Cr (a-C:Cr,Si) coating [16] . This deposition process produces a Cr thin layer followed by a graded CrCSi layer and finally an a-C doped coating, with a small and constant % of Cr and Si. The whole coating is of approximately 2.3 μm in thickness and, as far as the modeling of the changes in hardness and elastic modulus with penetration depth is concerned, it will be considered in the forthcoming that the coating is composed of two layers: a CrCSi graded layer of approximately 0.2 μm and an a-C doped coating of approximately 2.1 μm. The design of such interface was proposed by Bohme et al. [17] , where the combination of a Cr buffer layer, a CrC gradient layer and an a-C hard coating layer were able to ensure a sound coating adherence to the HSS steel substrate Given the fact that the behavior of the coated system under indentation loading is representative of the energy dissipation processes associated with contact damage [18] , it is important to provide a detailed analysis of the changes in hardness and elastic modulus of the coated system with penetration depth.
The hardness and the elastic modulus of the coated system have been determined by means of nanoindentation tests using a MTS XP Nano Indenter equipped with a Berkovich indenter. The apparatus was operated under a continuous stiffness measurement mode. Prior to indentation, the tip calibration was carried out on fused silica. The calibration curves for the fused silica standard have been reported elsewhere [19] . A total of 20 indentations were conducted over the three different samples tested for this purpose and the elastic modulus, E, and hardness, H, were recorded continuously versus the indentation depth, h, up to approximately 2000 nm, at a constant indentation rate of 0.05 s
and maximum applied loads of 700 mN. The results were analyzed by means of the Oliver and Pharr method [20] .
The adhesive strength of the coating was tested by using a commercial scratch tester Millenium (Tribotechnic) fitted with a Rockwell spherical diamond indenter (tip radius of 200 mm). Scratch tests were conducted using progressive loads from 1 to 60 N for a scratch length of 5 mm. A load rate of 120 N min À 1 and a constant sliding speed of 10.0 mm min À 1 were employed. The scratch tester is equipped with an acoustic emission and frictional force monitoring sensors. Sliding wear tests were conducted according to the ASTM G 99 À 95a standard, for assessing the influence of temperature on the friction and wear behavior of the coating. A ball-on-disc configuration on a high-temperature tribometer (CSM, Switzerland) was used. The tests were carried out under atmospheric unlubricated conditions with 407 5% relative humidity. Commercial available alumina balls with a diameter of 10 mm were employed as static counterpart. Before each wear test, both the ball and disc specimens were cleaned ultrasonically in distilled water with a detergent solution (2% Tickopur R33, 50°C, 15 min) and immersed in acetone. Subsequently, the samples were cleansed in cold distilled water and dried in a stream of air. The coefficient of friction was obtained from the ratio of the measured friction force and the applied normal force on the surface.
Basically, the wear experiments were carried out by triplicate at room temperature (RT), 400°C and 450°C, respectively. The heating of the coated samples was done in the tribometer by controlling their temperature. When the temperature of the specimen achieved the desired test temperature, the alumina ball was put in contact with the sample. The normal load applied during the test was of 1 N. This value was chosen in order to obtain a contact pressure of few hundreds of MPa, similar to those found in aluminum extrusion dies during operation and temperature close to the temperatures achieved in the extrusion dies of aluminum alloy [21] [22] [23] . All the tests, irrespective of the temperature, were conducted using 2100 laps (60 m sliding distance), 0.1 m/s sliding velocity using a 4.5 mm rotating radius. It is important to point out that the sliding distance employed in the present work was chosen on the basis of previous investigations carried out employing different DLC coated systems [8, 9, 11, 15] .
The morphological characterization of the surface conditions of the samples under study before and after wear testing was conducted by using a scanning electron microscope (SEM, XL À 30 FEG, FEI, Philips, Eindhoven, The Netherlands), equipped with an energy disperse X-ray spectrometer (EDAX-Dx À 4i, Philips, Eindhoven, The Netherlands). Element X-ray mapping was also carried out in order to determine the element distribution in the wear scar at the corresponding test temperature. A Veeco Wyko NT9300 profilometer was used for roughness and wear track measurements.
The specific wear rate, k, was computed from the ratio between wear volume and the applied load per unit of sliding distance (m 3 /N m). The wear volume was obtained by multiplying the cross-sectional wear track area by the length of the wear track. In order to determine the mean cross-sectional track area, eight individual wear profiles were fitted by means of a spline function with cubic ends and interpolated at each experimental depth data point. Each individual area was subsequently determined by integrating numerically the interpolated function between the initial and final experimental depth data points. The cross-sectional area was computed as the mean of these eight individual curves. The coatings wear rate was expressed as the worn volume divided by the product of normal load and the number of laps. The hardness value of the fused silica standard employed in the calibration of the Berkovich indenter used in the present investigation is of approximately 12 GPa. During the calibration procedure, such a hardness value could only be reproduced for indentation depths above approximately 100 nm. Therefore, in the present work, it has been considered that for indentation depths greater than this value, the plastic zone below the indenter tip is fully developed which, as pointed out by Chen and Bull [24] constitutes a fundamental condition that should be fulfilled for validating the hardness measurement.
Results and discussion

Coating hardness
On the basis of the mean experimental curves shown in Figs. 1 and 3, it has been determined that the ratio of H/E for this coated system decreases steadily from approximately 0.085 at 100 nm to about 0.009 at 5700 nm. Therefore, according to the equation proposed by Chen and Bull [24] , the ratio of the plastic zone radius underneath the indenter to the plastic indentation depth, R p /δ m , will increase from approximately 3.45-4.42 in the same indentation depth.
Consequently, on the basis of the calibration procedure, it has been assumed that, also in the bi-layer coating, for indentation depths greater than approximately 100 nm, the plastic zone under the indenter tip is fully developed and that the hardness measurements are validated, which allows the use of such a data in the analysis. Therefore, the complex behavior exhibited in Fig. 1 could be explained in terms of the sequential contribution to the composite hardness of the different materials, which encompass the coated system. Thus, the hardness versus penetration depth curve for this bilayer coating can be readily analyzed following the methodology recently advanced by Puchi-Cabrera et al. [19] , which allows the extension of any hardness model employed for the description of the composite hardness of systems involving monolayer coatings, to the analysis of multilayer coatings under indentation loading. Accordingly, the extension of the model proposed by PuchiCabrera [25, 26] for the analysis of this bi-layer coating can be computationally instrumented in the following manner. Firstly, for each value of the indentation depth, h, the volume fraction of the doped DLC coating, a f DLC ð Þ , which contributes to the composite Fig. 1 . Change in hardness with penetration depth for the a-C:Cr, Si/CrCSi/M42 steel coated system, considering its bilayer architecture. The data have been described with the model advanced by Puchi-Cabrera [25, 26] , modified for multilayer coatings [19] . The hardness values computed for the individual layers, as well as the substrate hardness are given on the plot.
hardness is calculated as follows:
In the above equation, K f DLC represents the coating thickness fraction above which the CrCSi layer located underneath starts to contribute to the composite hardness, t f DLC ð Þ the DLC coating thickness and β p DLC ð Þ a material constant.
Secondly, the computation of the volume fraction of CrCSi layer, which contributes to the composite hardness, is given by:
Finally, the volume fraction of the M42 steel substrate is computed as:
Therefore, for each value of h, the predicted composite hardness can be expressed as a linear law of mixtures:
ð4Þ Table 1 summarizes all the values of the different constants involved in the formulation presented in Eqs. (1) through (4) . Fig. 1 also illustrates the prediction of the model, which is observed to be quite satisfactory and to agree very well with the mean experimental curve. Accordingly, the doped DLC coating exhibits a hardness of 11 GPa, whereas the CrCSi layer has a hardness of 17 GPa. Similar results are obtained with the extended models proposed by Jönsson and Hogmark [27] and Korsunsky et al. [28] . Thus, according to the model, up to indentation depths of approximately 20 nm the composite hardness is entirely determined by the DLC coating. However, due to fracture of the latter under indentation loading, for h values greater than 20 nm, the composite hardness will be determined both by the DLC and CrCSi films. A significant contribution of the substrate to the composite hardness will only take place for indentation depths above 400 nm.
If the coating is incorrectly assumed to be a monolayer film, its hardness can be easily determined on the basis of the ISO14577À 4 standard [29] . For this purpose and according to the mean experimental curve shown in Fig. 1 , all the experimental data corresponding to an indentation depth of less than approximately 500 nm should be disregarded and the coating hardness could be determined either as the maximum constant value corresponding to the mean curve or by extrapolation of the composite hardness to h¼ 0, by means of any of the existing models.
The mean experimental curve shown in Fig. 1 indicates that a plateau is attained at an indentation depth of approximately 500 nm, at which the hardness of the coating is found to be about 17 GPa. Such a hardness value would represent the actual coating hardness according to the ISO14577À4 standard [29] . However, in order to avoid any influence of the substrate in the determination of the absolute hardness of the coating, extrapolation to h¼0 could be carried out by means of any of the models available for this purpose. Fig. 2 illustrates this procedure, in which the coating hardness has been determined employing the model advanced by PuchiCabrera [25, 26] , according to which the composite hardness, H C , is expressed as: Table 2 summarizes the value of all constants involved in this case.
Accordingly, the coating exhibits a hardness of approximately 18.3 GPa, which is very close to the value obtained from the ISO14577À 4 standard, as well as the values reported by Jantschner et al. [15] for a-C and a-C:Si films, of approximately 16.5 and 16.9 GPa, respectively.
However, the clear disadvantage of this method for finding out the global coating hardness is that it does not allow the determination of either the hardness value of the different layers, which encompass the coated system, or the sequence in which each layer contributes to the composite hardness as the indentation loading is applied. Table 1 Constants involved in the Puchi-Cabrera model for the bi-layer doped DLC and CrCSi film deposited onto a M42 steel substrate.
8 GPa Fig. 2 . Change in hardness with penetration depth for the a-C:Cr, Si/CrCSi/M42 steel coated system, assuming that the coating is a monolayer film. The data have been described with the model advanced by Puchi-Cabrera for monolayer coatings [25, 26] . The hardness values computed both for the film and substrate are given on the plot. 
Coating elastic modulus
Fig . 3 illustrates the change in the elastic modulus as a function of indentation depth, where again the experimental data are observed to remain within a wide scatter band of values. Therefore, the mean experimental curve has also been included in the plot. Since the calibration of the indenter for the elastic modulus revealed that in the case of the fused silica standard such a property is reproduced from penetration depths in the range of 7-10 nm, only the experimental data points determined at indentation depths less than 20 nm were disregarded. Therefore, at low h values the experimental value of the elastic modulus attains a magnitude of approximately 90 GPa. However, as the indentation depth increases the elastic modulus also increases and achieves a maximum value of about 220 GPa at a depth of 800 nm. As the indentation depth continues to increase, the elastic modulus tends to decrease to values in the range of 195-215 GPa, typical of the M42 steel substrate.
The description of this complex change in the coating elastic modulus was carried out by means of the extended form of the models earlier advanced by Doerner and Nix [30] and Menčík et al. [31] , assuming, as before, that the coating is composed of two different layers. According to the extended model of Doerner and Nix [30] , as proposed by Puchi-Cabrera et al. [32] , the volume fraction of the doped DLC upper layer, x v DLC ð Þ , which contributes to the composite modulus, should be computed in the following manner:
Otherwise:
In Eq. (7), α DN DLC , represents a material constant. For the CrCSi layer underneath, its volume fraction,x v CrCSi ð Þ , is determined in the following manner:
Otherwise: are determined from the experimental E versus h data. Fig. 3 also illustrates the description predicted by this model and the elastic modulus values that were determined for both layers. Table 3 summaries the values involved in the model.
The elastic modulus predicted for the doped DLC coating of approximately 115 GPa is close to that reported by Zou et al. [12] , of approximately 108 GPa, for a DLC coating with about 10.5 at% Cr and much less than the values reported by Jantschner et al. [15] for a-C, a-C:Cr and a-C:Si coatings, in the range of 144-189 GPa.
However, if the analysis of the elastic modulus is incorrectly conducted on the basis of the ISO 14577À 4 standard, by disregarding the data points corresponding to indentation depths less than 500 nm and considering the coating as a monolayer film, entirely different results are obtained with the Doerner and Nix model [30] , as illustrated in Fig. 4 . In this case, the composite elastic model, E C , is expressed as: Table 4 summarizes the value of the different constants involved in the above equation.
It can be clearly observed that the doped DLC coating exhibits an elastic modulus of approximately 191 GPa, which is quite close to the value reported by Jantschner et al. [15] for a a-C:Si coating, of about 1897 5 GPa. Also, the value found employing this method would be close to that expected for a DLC with approximately Fig. 3 . Change in the elastic modulus with penetration depth for the a-C:Cr, Si/ CrCSi/M42 steel coated system, considering its bilayer architecture. The data have been described by means of the model advanced by Doerner and Nix [30] , modified for multilayer coatings, as proposed by Puchi-Cabrera et al. [32] . The values of the elastic modulus computed for the individual layers are given on the plot. The elastic modulus of the steel substrate has been taken as 210 GPa. 210 GPa Fig. 4 . Change in the elastic modulus with penetration depth for the a-C:Cr, Si/ CrCSi/M42 steel coated system, assuming that the coating is a monolayer film. The data have been described by means of the model advanced by Doerner and Nix [30] . The value of the elastic modulus computed for the film is given on the plot. The elastic modulus of the steel substrate has been taken as 210 GPa.
5 at% Cr, as reported by Zou et al. [12] . Very similar results would be obtained by means of the model advanced by Menčík et al. [31] , which predicts an elastic modulus value of approximately 189 GPa.
The characterization of the change in the coating elastic modulus as a function of penetration depth taking into account the actual coating architecture is of fundamental importance for the correct computation of the change in the von Mises stress with distance from the surface, under the normal load applied, which represents the basis of the prediction of the coating behavior under spherical indentation loading and the interpretation of the sliding wear tests.
Determination of the elastic contact stresses during spherical indentation
The change in the von Mises stress with distance from the coating surface can be readily determined from the description provided by the modified Doerner and Nix model (Fig. 3) of the change in the elastic modulus with penetration depth for the coated system under investigation, as well as the values of Poisson ratio and tensile strength of the substrate and the two different layers, which compose the coating. The mechanical properties employed in this computation are summarized in Table 5 . The Poisson ratios of the a-C:Cr,Si and CrSiC films were obtained from the literature, whereas their tensile strengths were estimated as one third of their corresponding absolute hardness.
The computation of the change in the von Mises stress with distance from the surface was carried out on the basis of the Hertzian equations, which correspond to the elastic contact between a spherical indenter and a multi-layer coating. For this purpose, the strain compatibility at each interface was taken into consideration. The simplest way in which this objective was achieved implied the assumption that the principal strains at each interface, computed as a function of the von Mises stresses and elastic constants of the corresponding layer material, remained constant across each interface.
Therefore, the value of the elastic modulus was interpolated directly from the results shown in Fig. 3 and both the von Mises stresses and maximum pressure could be re-computed for the subsequent layer.
Thus, by interpolating the predicted values of the elastic modulus from the modified Doerner and Nix model, it is possible to solve the non-linear equation, which allows the determination of the contact radius (a) as a function of the reduced modulus (E r (a)), load applied (F) and indenter diameter (d). Such an equation can be expressed as:
On the other hand, concerning the computation of the principal stresses and the von Mises stress, the Poisson ratio as a function of distance from the surface, was calculated assuming a Heaviside step function of the form:
where h represents the indentation depth and α and β parameters of the step function. Details of the equations employed in the computation of the principal stresses can be found elsewhere [35] . The results of these computations are shown in Fig. 5 for 1 N applied load. As pointed out before, such a low load provides a contact pressure of approximately 540 MPa, characteristic of the maximum pressures found in an aluminum die extrusion press during operation. Fig. 5 clearly illustrates that under these testing conditions and at room temperature, the system is expected to behave elastically. At any distance from the surface, the von Mises stress is well below the strength of the a-C:Cr, Si film, of approximately 3700 MPa and the maximum von Mises stress value, of 505 MPa, is attained at a distance of about 14890 nm, that is to say, well into the M42 steel substrate, whose mechanical strength is also significantly higher. However, the predictions indicate that even up to load in the range of 40 N, that it to say maximum contact pressures of approximately 1885 MPa, the coated system would behave elastically at room temperature without failure.
Scratch test results
The results from the scratch test conducted on this coating are presented in Fig. 6 , which shows the variation of both friction force and acoustic emission signal as the normal load increases during the test. The failures that occur on the sample surface correspond to a sudden change in these two parameters that take place as the diamond stylus is displaced on top of the coating.
The important variations in the values of these parameters are also correlated with the corresponding events that could have taken place from the morphological point of view, by means of an optical microscope attached to the system. The load Lc3 ¼54 N marked on Fig. 6 is considered as the critical value for coating gross interfacial shell-shaped spallation [36] , that is to say, detachment from which uncovered substrate was seen regularly. On the other hand, Lc2 ¼48 N corresponded to the load where interfacial spallation started to occur at the borders of the scratch. The acoustic emission signal coincided very well with the changes that occurred in the friction force value. Therefore, it allows the precise detection of the characteristic values for these adhesive failures. The determined values compare well with those reported in the literature [37] for standard a-C coatings (Graphit-iC™) produced by sputtering.
Wear test results
Friction coefficients
The representative variation of the friction coefficient with the number of laps at different testing temperatures is shown in Fig. 7 , where some selected curves are included. It can be observed that the rate of change in the value of the friction coefficient at the beginning of the test is high, but much more pronounced in the case of the tests conducted at 400°C, for example, as compared with those carried out at room temperature. During the wear tests, it is considered that the properties of the counterpart, as well as those corresponding to the substrate were unchanged.
The value of the friction coefficient of the a-C:Cr,Si coating at RT. determined in the present work at the beginning of the test is observed to be approximately 0.2. Subsequently, it drops to a steady state value of 0.15 after 100 laps, until the end of the test. This value compares well with that of 0.13 reported for a standard a-C:Cr coating of 2.2 mm thickness, tested against alumina ball of 6 mm diameter at a normal load of 10 N [15] . This comparison can be done, although the normal loads are different, since it has been shown recently [38] that, during wear tests against a 6 mm alumina ball, the friction coefficient of a-C films decreases slowly from 0.117 to approximately 0.1, as the load applied increases from 1 to 10 N. These authors have attributed this decrease to a higher graphitization level induced by higher contact stresses. Additionally, a decrease in the wear rate from 10 À 7 mm 3 /N m to approximately half of this value, i.e. 0.45 Â 10 À 7 mm 3 /N m for the same interval of the applied load, has also been reported. However, it has to be mentioned that the presence of humid air (40 75% relative humidity in this research) during the wear tests gives rise to low values of the friction coefficient.
In the present work, the relative humidity was only controlled during the low temperature tests. However, for the tests performed at high temperatures no control was carried out. The factors, which give rise to a low friction coefficient value, as well as low wear rates at both room and high temperatures, are completely different. It is well known that, at room temperature, the behavior of hydrogen-free DLC films is strongly dependent on the presence of humidity, since the adsorption and dissociation of water molecules change completely the nature of the bonds and its surface chemistry [39, 40] . Under these conditions, it is expected that the coating will have a better performance. On the other hand, an increase in temperature will have a contrary effect, since the desorption of the water vapors will give rise to an increase in the friction coefficient [39] . However, at high temperatures the silicon oxidation, as well as graphitization of the coating, takes place, which will have a significant influence of the on the evolution of the friction coefficient, as explained in the forthcoming.
Thus, as the test temperature increases to 400°C, the friction coefficient during the running in period drops, after 166 laps, from 0.18 to 0.02. This value is also found at the end of the test but, as can be seen from the evolution of the friction coefficient with the number of laps, at about 1440 laps, the friction coefficient increases suddenly to a value of 0.08, after which it decreases to its steady state constant value of 0.02, a fact that could be eventually related to the existence of some debris retained in the contact.
Finally, for the tests carried out at 450°C the running in period is quite different, since the friction coefficient value increases from a starting point of 0.2 to a value of 0.42 after 100 laps. Subsequently, it decreases to a value of 0.05 after 256 laps. This increase can be probably associated to a series of oxidation reactions that take place on the coating surface, at the beginning of the test, leading in the end to a surface that is totally oxidized and, hence, providing the characteristics of a lubricious film in contact with the alumina ball. Only after 600 laps, a steady state value of 0.01 is achieved and maintained until the end of the test. These values for the friction coefficient are similar to those reported by Jantschner et al. [15] at a temperature of 450°C. However, in the present case the friction coefficient values did not exhibit the high scatter reported by these authors, indicating that the addition of both Si and Cr conferred to the coating a better performance during contact.
It is important to point out that in order to understand the possible mechanisms responsible of the very low friction coefficient values determined at high temperatures, the wear tests "per se" are not enough and should be coupled with additional analyses such as Raman spectroscopy and XPS. These techniques should be carried out on both counterparts in a "post facto" stage or after any important event taking place during the wear tests.
However, taking into account the findings reported in the literature, as well as the behavior of the coating components at high temperatures, it is possible to hypothesize that, as the test temperature increases from 25°C to 400°C and 450°C, respectively, the silicon present in the coating composition will be oxidized, due to its high affinity to oxygen. Fountzoulas et al. [41] carried out RBS analysis on annealed surfaces of Si-DLC and were able to show that silicon oxidation could take place at the outer surface of the coating, at temperatures as low as 200°C.
Also, as indicated by Gharam et al. [11] , when studying the influence of temperature on the tribological behavior of Wcontaining DLC, silicon oxidation, proportional to the increase in temperature, occurred in parallel with carbon depletion. At 400°C the extent of oxidation is smaller than that corresponding at 450°C, as explained in the next section. At this latter temperature the oxidation kinetic is more important and different oxidation products such as silicon oxide [42] , Si-O or Si-OH have been reported to have lubricious properties [15] .
However, at 450°C a rapid increase in the friction coefficient takes place in the running-in period, before stabilization, since possibly a high amount of silicon oxide will be in contact with alumina from the ball, until other factors come into play. It has also been shown [13] that a change of the a-C structure takes place as the temperature exceeds 300°C and that a complete graphitization will occur at temperatures higher than 500°C [11] .
Moreover, Choi et al. [43] , when studying the effect of Si incorporation and annealing temperature on the tribological behavior of DLC coatings, have indicated the growth of graphitic islands in the annealed DLC films, which have low %Si. These authors attributed the low friction coefficients to the low shear strength of the graphitized surfaces, as well as to the exchange of silicon oxide with the counterpart.
In the present case, in order to explain the low friction coefficients, it could be probably considered that both phenomena (presence of graphite in the contact and its subsequent transfer to the alumina ball) coupled with the exchange of silicon oxidation products with the ball, took place. In this way, the contact of the alumina ball with the DLC coating has been hindered, contributing therefore, to a decrease in the friction coefficient value. In both cases the increase in temperature is expected to influence the kinetics of such processes.
For comparison, 3D surface profiles are presented in Fig. 8a for all the tests, whereas Fig. 8b illustrates the corresponding cross section profiles of the wear track, where both the experimental and computational description of the profiles are represented. It has to be mentioned that the calculation was carried out by considering that the zero depth position is that which corresponds to the initial measurement of the 2D profile. The average values of the cross section areas computed for the profiles measured across the wear track are presented in Table 6 , together with the wear constants values in each case.
It is observed that the cross section area of the coating tested at 25°C is nearly one order of magnitude less than those corresponding to the samples tested at 400°C and 450°C, respectively. However, it is interesting to point out that, from the analysis of the wear track profiles, the coated sample tested at 400°C had a wear rate approximately 3 times higher than that tested at 450°C.
The higher resistance to wear at this higher temperature could be probably attributed to the presence of both SiC and CrC nanocrystallites, the later in a higher amount, formed during deposition, which could eventually have maintained the coating hardness. Similar considerations were done by Zang et al. [13] when studying the thermal stability of a Ti and Al doped a-C sputtered coating. These authors indicated that the presence of TiC nanocrystallites were able to maintain the coating hardness until 600°C, without the coating thickness loss.
However, Raman spectroscopy conducted on sputtered a-C:Si and a-C:Cr coatings were not able to identify the presence of either SiC or CrC, as reported before [15] , although in the case of similar a-C coatings, where Cr was used as interlayer for adhesion improvement, the presence of CrC was identified in the graded layer before growing the proper DLC coating for a Cr content just as small as 2% [17] .
Although the wear behavior at high temperatures of DLC coated systems has been studied to some extent [9] [10] [11] [12] 15, 43] , a direct comparison of the present results with those reported previously is not straightforward due to a number of reasons, which include: testing conditions, nature of the coating and concentration of doping elements, among others. As an example, the R.T. work of Jantschner et al. [15] involved the investigation of the wear behavior of three different systems, which comprised: a-C, a-C:Cr and a-C:Si coatings of a similar thickness.
As in the present work, these systems were tested up to temperatures of 450°C, but with an applied load of 10 N, a coating thickness in the range of 1.8-2.1 μm, a number of laps between 1000 and 2500 and an alumina counterpart of 6 mm. Therefore, the initial Hertzian contact pressure found in these experiments achieved approximately 1.6 GPa. According to these authors, the a-C:Cr coating was not able to withstand the above testing conditions, which resulted in a high wear rate. On the contrary, the a-C:Si coating was able to perform satisfactorily up to a temperature of 450°C.
In the present work, it is shown that the a-C:Cr, Si coating is also able to perform satisfactorily up to temperatures of 450°C, although the wear rates that have been determined (Table 6 ) are two order of magnitude smaller than those reported by Jantschner et al. [15] . Nevertheless, this comparison is not strictly appropriate due to the difference in the testing conditions of both investigations. However, an interesting feature shown by both research works is that doped a-C coatings either with Si or Cr and Si, could be promising candidates to be employed in metalworking processes conducted in the range of temperatures that has been explored, as for example, in the extrusion aluminum industry.
Morphology of the wear scars
Figs 9 through 11 show the morphology of the wear tracks obtained by scanning electron microscopy coupled with EDS analysis. Fig. 9 illustrates a secondary electron image and two magnified detailed areas, corresponding to the wear track that resulted from the test carried out at room temperature (RT). The Figure also includes the elemental EDS maps of the whole area shown in Fig. (9c) for the different elements that were analyzed: C, O, Cr, Si, Ar and Fe, respectively. From this Figure it can be seen that the coating is almost undamaged, as shown by the C map. Also, it can be observed that it contains an important % of Ar and Cr, in a higher amount than Si and an imperceptible amount of O. The presence of Fe from the substrate is also shown, since it is well known that the penetration depth of the X-ray probe during EDS analysis for a carbon sample, at 20 keV of accelerating voltage, achieves about 6 μm. cover part of the coating surface, as shown in Fig. 10b . The Cr map indicates that the coating was not penetrated, but its thickness has been reduced, since a higher amount of Fe, as well as Mo are present, as compared to the mapping of the wear track of the coating tested at RT.
The amount of oxidation at 450°C is significantly greater than at 400°C, pointing out that, in the former case, a continuous oxide film was formed. Moreover, it can be seen from the micrograph presented in Fig. 11c that the oxidation process was accompanied by the presence of a high amount of cracks on the coating surface.
In order to calculate the relative variation of the atomic concentration of elements such as O, Si, Cr and Fe, which indicate the important changes that take place during the tests, EDS analyses were performed on SEM images of the worn track surfaces of the samples tested at 25°C, 400°C and 450°C, respectively. Table 7 presents the percentage relative variation of the above elements as a function of the wear test temperature. The spectra were quantified to determine the weight percentage using the eZAF method. The results indicate, besides those elements mentioned above, the presence of C and Ar. Therefore, the recalculation of the concentrations on the 100% basis for all samples was considered, without taking into account the existence of C and Ar. This proposed procedure is based on the fact that the amount of oxygen found in the wear track at high temperatures corresponds to that present in the oxides that were formed during the tests, since part of the C will already be oxidized to CO 2 and expelled together with Ar during heating.
It has to be pointed out that these percentages calculated here do not correspond to their absolutes values, but provide a very important indication of the coating behavior during the wear tests. Also, it has to be considered that as the wear test temperature increases, the oxidation kinetics is different and that the reactions take place in parallel with the wear phenomenon. For example, it is shown that an important quantity of Si is present in the wear track of the coating tested at room temperature, since the M42 steel substrate has a very low content of Si, which varies between 0.15-0.65 wt%. Also, the % of Cr is much higher in the wear track at RT than that corresponding to the wear track obtained when the coating was tested at 400°C, indicating that at this latter temperature some other oxides cover the coating surface. Also, that at 400°C a higher wear volume was displaced, since the amount of Fe appeared to be nearly doubled as compared to the test carried out at RT. In this case, it has to be considered that the coating thickness could have decreased as consequence of the oxidation of C to form CO 2 and, therefore, a higher influence of the substrate could appear during EDS analysis.
However, it is believed that at a temperature of 450°C a thicker oxide layer is formed within the wear track and therefore, the Fe concentration would appear to be less.
As expected, it is also observed that as the temperature increases, the amount of oxygen will be higher, since the oxidation of the coating elements will take place as a function of both their affinity towards oxygen, as indicated by their Gibbs free energy of formation, and their process oxidation kinetics.
The existence of this relatively small amount of 1.5% O at room temperature could probably correspond to the amount of O 2 in these kind of coatings designed by Draxler et al. [16] , where the percentage of oxygen and hydrogen is reported to be in general below 1.2 and 2 at%, respectively.
As the test temperature increases to 450°C, a higher amount of oxidation takes place with an increase in the coating volume due to the oxidation process, which added to the elimination of CO 2 þ ArþH 2 O as gases, could have given rise to severe surface cracking, as can be observed in Fig. 11c .
The micrographs shown in Fig. 12 illustrate the alumina counterpart, in contact with the coated sample, after the wear tests carried out at 25°C and 450°C, respectively. At 25°C a negligible wear of the counterpart was observed, as it can be noticed in Fig. 12a and a transferred layer is seen on top of the ball. At 450°C, as explained before, in addition to this transferred layer, it can be observed that the alumina ball has worn off during the test. The EDS mapping of this ball indicated the presence of C and Si on its surface. It is supposed that this phenomenon is a consequence of the contact between the oxidation products and the alumina counterpart during the running-in stage, since a friction coefficient value of approximately 0.42 is characteristic of a ceramic/ceramic contact. Nevertheless, further detailed studies by using different techniques such as Raman and Fourier Transform Infrared Spectroscopy (FTIR), as well as Focus Ion Beam (FIB) techniques coupled with EDS, should be used in order to determine precisely the nature and composition of the surfaces in contact, as well as the extent of the oxidation across the coating under the influence of the existing environment during the high temperature wear tests.
Conclusions
The results of the present investigation indicates that the prototype a-C coating doped with both Cr and Si in small quantities exhibits a low wear rate of approximately 1.2 Â 10 À 18 m 3 /N m at room temperature, which is approximately one order of magnitude and three times less than those found from the tests performed at 400°C and 450°C, respectively. Steady state value of the friction coefficients were found to be of 0.15, 0.02 and 0.01 at RT, 400°C and 450°C, respectively. Under the tested conditions, the a-C:Cr,Si coating exhibits a very good wear resistance even at a temperature of 450°C, without the coating loss, as consequence of the presence of an important amount of Si and Cr oxides due to the oxidation process. It was found from that the amount of oxidation at 450°C is far more greater than at 400°C, indicating that, in the former case, a continuous oxide film was formed, which gave rise to a smaller wear rate. The increase in the coating volume due to the oxidation process at 450°C, together with the elimination of CO 2 , Ar and H 2 O vapor, gave rise to a severe surface cracking of the coating.
The hardness and elastic modulus of the a-C:Cr,Si/CrSiC/M42 bilayer coated system have been characterized by nanoindentation techniques and modeled by considering their actual architecture, as well as under the assumption of the existence of a monolayer film. The first approach allowed the precise determination of the actual mechanical properties values of each of the individual layers, which encompass the bilayer coating. Accordingly, the hardness and elastic modulus of the DLC film were found to be approximately 11 and 115 GPa, respectively, whereas those of the CrSiC layer were of about 17 and 203 GPa, respectively.
These values differs significantly from those obtained assuming that the coating is a monolayer film, which points out that a reconsideration of the use of the ISO 14577À4 standard for multilayer coatings is required.
The analysis of the elastic stresses developed in the coated system under spherical indentation loading at room temperature indicates that for a maximum contact pressure in the range of 540 MPa, no failure of the coated system is expected. Fig. 12 . Optical micrographs of the alumina counterpart after the wear tests carried out at: (a) 25°C and (b) 450°C. At 25°C a negligible wear of the counterpart and the presence of a transferred layer can be observed. At 450°C, besides the presence of the transferred layer, the wear of the alumina ball is quite noticeable. The EDS mapping of this ball indicated the presence of C and Si on its surface.
R. T. 450°C
